Abstract: A novel dithioester, bearing anthracene as Z group, benzyl anthracene-10-carbodithioate (BAC) was successfully synthesized and used as the RAFT agent for the RAFT polymerizations of styrene (St). The results indicated that the polymerization presented the characteristics of "living"/controlled radical polymerization. 
Introduction
Since it was first reported in 1998 [1] , the reversible addition-fragmentation chain transfer (RAFT) polymerization has attracted more and more attention [2] [3] [4] [5] . The main advantage of RAFT polymerization is its effectiveness in controlling polymerizations of a wide range of functional and nonfunctional monomers. The polymer architectures can be well pre-designed by the RAFT polymerization technique [6] [7] . According to the mechanism of RAFT polymerization, most of the polymer chains would be end-capped with the Z and R groups, which were derived from the RAFT agent, at the ω and α chain end, respectively [8] . Hereby, the RAFT polymerization provides an effective method of introducing functional group into polymer chain-end by the selection of appropriate RAFT agents [9] [10] [11] [12] . The application of RAFT polymerization in the synthesis of end-functionalized materials has a promising future.
In past decades, fluorescence labeled polymers have been widely used in the field of biochemistry, polymer chemistry and physics [13] [14] [15] [16] . The anthracene-ring shows strong fluorescence property due its large conjugated structure. Therefore, the introduction of anthrancene-moiety into the polymer chain for the synthesis of functional material has received added attention [17] [18] . In 1998, Kim et al. [19] incorporated the anthrancene-group into the middle of the polymer chains by the ATRP method. Ghiggino et al. [20] [21] [22] reported the synthesis of a functionalized RAFT agent, RAFT-AN, with anthracene in the R group of the RAFT agent. In a previous paper, we have reported the RAFT polymerization of styrene with anthracen-9-ylmethyl benzodithioate (AMB) [9] as the RAFT agent. The anthracene terminated polystyrene was successfully obtained and showed fluorescence. However, the anthracene functional group was located at R group in AMB. According to the mechanism of RAFT polymerization, most of the polymer chain will be α-terminated with R group. But, there would be obviously a small fraction of polymer chains which are α-terminated with the moieties derived from the initiator. The amount of initiator α-terminated polymer chains depended on the amount of the initiator used [2] . As an alternative route, the functional polymer can be prepared by using a chain transfer agent with functional Z group via RAFT process. Polymers with high ratio of functional end can be obtained in this manner. Hence, in this work, we synthesized a RAFT agent, benzyl anthracene-10-carbodithioate (BAC), which contained anthracene moiety at the Z group. The BAC mediated RAFT polymerization of styrene and the fluorescence of the obtained polymer were then studied. The fluorescence of the polymer obtained from BAC mediated polymerization was compared with that of polymer obtained from AMB mediated polymerization.
Results and discussion

RAFT polymerization of styrene using BAC as RAFT agent
The RAFT polymerizations of styrene (St) mediated by BAC were carried out with two different initiating systems, e.g. one using AIBN as initiator at 80 o C and the other by thermal initiation at 110 o C. increase of AIBN concentration did not result in a high polymerization rate. The reason may be due to the conjunction of the retardation effects [26] [27] [28] [29] [30] [31] and the increase of the initiator concentration. The retardation effect is a common phenomenon in the RAFT polymerization. It means that the increase of RAFT agent concentration would cause the decrease of polymerization rate [2] . When performing RAFT polymerization using a dithiobenzoate, in which Z group is phenyl, retardation was found in the styrene, acrylate polymerization systems [8] . The cause of retardation in RAFT polymerization is still under research. But, it can be considered that the stabilization of intermediate radical by the phenyl Z group provides specific characteristics, which has partial responsibility for the rate retardation [32] . In this work, anthracene was used as Z-group, which provides more stabilization effect on intermediate radical than phenyl group. As a result, the polymerization mediated by BAC showed retardation. Thus, the concentration of the BAC increased from 3:1000 (molar ratio of BAC/St) to 3:300 may result in the decreased polymerization rate owing to the retardation effect. However, the concentration of AIBN also increased from 1:1000 (molar ratio of AIBN/St) to 1:300 at the same time, which may also cause the rate enhancement. The contrary effects of the retardation effect and the increase of the AIBN then reflected on the unobvious change of the polymerization rate.
Meanwhile, it can also be found that the polymerization rate decreased after about 20 hours with AIBN as the initiator, which was probably due to the exhaustion of AIBN after 20 hours at 80 o C [10] . n,th 0 0 × conversion + molecular weight of BAC), and PDI value of the obtained polymer was less than 1.30. These results suggested that BAC was an effective RAFT agent to control the polymerization of St at the experimental conditions. The polymerization behavior under high ratios of St/BAC was also studied. The results are listed in Table 1 . It can be found that the polymerizations were well controlled until the molar ratio of St/BAC increased to 4000:3 (entries 1-4). When the ratio of St/BAC increased from 6000:3 to 8000:3 (entries 5-8), the number-average molecular weights deviated negatively from the theoretical values, and the PDI value of the polymers increased from 1.41 to 1.65, which indicated that the polymerization lost control. In the RAFT polymerization, the low rate of initiation and low concentration of BAC may incur loss of the control over the polymerization. The large deviations between the number-average molecular weight and the theoretical value indicated that uncontrolled polymerization side reactions are significant [2] . In this work, when extreme low concentrations of BAC and AIBN were used, the amount of thermally derived initiator [33] [34] The overall initiator concentration consisting of the thermally derived species and decomposition of AIBN may be higher than the concentration of BAC. Thus, some chains in such a system were not adequately regulated through the additionfragmentation equilibrium, and experienced a significant level of radical termination.
As a result, a poor control over the development of polymer molecular weight as in entries 5-8 was obtained [35] .
The chain ends of PS prepared by the RAFT polymerization using BAC as the RAFT agent were analyzed by 1 H NMR spectroscopy (Figure 3 ). In Figure 3 , the signals at δ = 6.4-7.5 ppm corresponded to the aromatic protons of phenyl group of the styrene units, the signals at δ = 7.8-8.5 ppm were ascribed to anthracene protons of BAC, which indicates that the moieties of BAC were attached to the polymer chain ends. Figure 4 shows the GPC curves of polymers before and after the chain extension. There was an obvious peak shift from the macro-RAFT agent to the chain-extended product. The molecular weights increased from the macro-RAFT agent of 6700 g/mol (PDI = 1.27) to the chain extended polymer of 9700 g/mol (PDI = 1.37) with 2 hours polymerization and 34.3% conversion. Meanwhile, the PDI value of the chain extended product (PDI = 1.37) was a little larger than that of the original polymer (PDI = 1.27), which may be caused by the little portion of St homopolymerization initiated by AIBN and a fraction of the dead polymer existing in the original polymer (macro-RAFT agent). Therefore, it can be concluded that most of the chains were still living in the PS obtained by RAFT polymerization using BAC as the RAFT agent. All the aforementioned evidences indicated that the BAC could act as an efficient RAFT agent for the polymerization of St, and the polymerizations complied with the common RAFT polymerization mechanism. It is well known that the sulphur atom is a fluorescence quenching agent [36] and its presence can remarkably reduce the fluorescence intensity. Thus, the BAC solution showed weak fluorescence. However, compared with the situation of BAC solution, the movement of the sulphur segments were blocked in the PS solution, and the sulphur atom quenching effect of fluorescence was partially shielded by the long polymer chain. Therefore, the effects of fluorescence quenching by the sulphur atom was lower than that in BAC.
Investigation of the Fluorescence of the polymer
In the previous paper, the results shown that the fluorescence intensity of the PS obtained from another anthracene functionalized RAFT agent (anthracen-9-ylmethyl benzodithioate (AMB)) mediated polymerization was very high [9] . The difference between the structure of BAC and AMB is the interchange of the Z and R group, that is, the anthracene group acted as the Z group in BAC, while it is at the R group in the case of AMB. To clarify the difference in fluorescence intensity of these two RAFT agents and subsequently obtained PS, the fluorescence spectra of BAC, AMB, BAC-PS (polystyrene obtained via BAC mediated RAFT polymerization) and AMB-PS (polystyrene obtained via AMB mediated RAFT polymerization) were measured at the same concentration of anthracenyl unit and λ ex. The results are presented in Figure 6 . It can be found that the fluorescence intensity of AMB-PS and AMB was higher than that of BAC-PS and BAC, respectively. The fluorescence intensity of AMB-PS was about 880,000, while it was only 11,000 in case of BAC-PS of similar molecular weight. The discrepancy between the BAC-PS and AMB-PS may be related to the fluorescence quenching effect by the sulphur atom [35] . In the structure of the AMB-PS, the sulphur atom was far from the chromophore e. g. anthracenyl in the polymer, while it was coherent at the anthracenyl in BAC-PS. The fluorescence quenching by the sulphur atom was much stronger in BAC-PS than it in AMB-PS. As a result, the fluorescence strength shows some difference. 
Conclusions
In this article, a novel RAFT agent, BAC, bearing anthracene as the Z group was successfully synthesized. The results of the polymerization of styrene proved that BAC was an effective RAFT agent. The 1 H NMR and chain extension results further confirmed RAFT process of such polymerization. With anthracene end-capped in polymer chain, the obtained PS showed fluorescence in CHCl 3 solution. The results demonstrated that the PS obtained from BAC mediated polymerization shown stronger fluorescence intensity than that of BAC. However, due to the fluorescence quenching by the sulphur atom adjacent to the anthracene group, the fluorescence intensity of PS obtained by BAC mediated polymerization (sulphur atom was located adjacent to anthracene) was remarkably weaker than that of PS obtained by AMB mediated polymerization (sulphur atom was separated by PS chain from anthracene).
Experimental part
Materials
The 9-formyl anthracene was purchased from Riedel-deHaeu Co. Ltd. and used without further purification. The benzyl mercaptan was obtained from the Aldrich Co. Ltd. and used as received. Styrene (Shanghai Chemical Reagents Co. Ltd. China) was washed with an aqueous solution of sodium hydroxide (5 wt %) three times and then with deionized water until neutralization. After being dried with anhydrous magnesium sulphate, the styrene was distilled under reduced pressure and kept in a refrigerator at 4 °C. Toluene was dried by 4 Å molecular sieves and distilled before use. Other chemicals (analytical grade) used in this study were purchased from Shanghai Chemical Reagents Co. Ltd. China and J&K-Acros and used without further purification.
Synthesis of the benzyl anthracene-10-carbodithioate (BAC)
The BAC was synthesized by coupling 9-formyl anthracene and benzyl mercaptan under P S 4 10 according to similar route as in literature (Scheme 1) [23] [24] [25] . A typical reaction procedure is as follows: 9-formyl anthracene (1.11 g, 5 mmol), benzyl mercaptan (0.682 g, 5.5 mmol), P S 4 10 (2.22 g, 1.5mmol), and sodium bicarbonate (1.0g) 35~40 mL toluene were added to a 50 mL three neck round flask. The solution was stirred at room temperature for half an hour and at then refluxed at 110 °C for about 20 hours under argon atmosphere. The reaction solution was filtrated after cooling and the filtrate was washed with deionized water till clear. The organic solution layer was dried with anhydrous MgSO 4 for 24 hours. The solvent was removed by rotary evaporation and the obtained product was a salmon pink solid. The crude product was purified by column chromatography on silica oxide with mixed petroleum ether and benzene (10: 1) and petroleum ether and benzene (10: 1) as eluents. 
Polymerizations
The following procedure was typical. A master batch of 8 mL (69.5 mmol) of styrene, 95.7 mg (0.278 mmol) of BAC and 22.8 mg (0.139 mmol) of AIBN was prepared, and aliquots of 1 mL were placed in ampoules. The content was purged with argon for approximately 10 minutes to eliminate the oxygen. Then the ampoules were flame sealed. The polymerization reaction was performed at the appropriate temperature. After the determined reaction time, each ampoule was quenched in ice water, and opened. The reaction mixture was diluted with a little of THF (about 2 mL), and precipitated in large amount of methanol (about 300 mL). The polymer was obtained by filtration and dried at room temperature under vacuum to constant weight. Conversion of styrene was determined gravimetrically.
Chain Extension of PS
A predetermined quantity of PS, obtained by polymerization of styrene by RAFT process, was dissolved in styrene. The content bubbled with argon for 20 minutes. The rest of the procedure is the same as described above, except that RAFT agent was replaced by the PS synthesized above.
Characterization
The number-average molecular weight (M n ) and polydispersity (PDI) of polymer was determined with a Waters 1515 gel permeation chromatograph (GPC) equipped with refractive 494 index detector, using HR 1, HR 3, and HR 4 column with a molecular weight range of 100-500,000 calibrated with polystyrene standard samples. Tetrahydrofuran was used as the eluent at a flow rate of 1.0 mLmin -1 operated at 30 °C.
1 H NMR spectra of the polymers were recorded on an INOVA400 nuclear magnetic resonance (NMR) instrument using CDCl 3 as solvent and tetramethylsilane (TMS) as the internal standard. Elemental analyses (EA) of C, H and N were performed on EA1110 CHND-S. The fluorescence intensity was measured by FLS920.
